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Abstract.

The glaciers situated in temperate mountain chains often contain a great percentage of temperate ice, which is ice at the
temperature-pressure melting point. They may also contain cold ice, but in smaller percentages and located in the coldest
parts of the glacier. Measuring the glacier ice thickness is often carried out with Ground Penetrating Radar (GPR), able to
scan ice hundreds of meters thick. Unfortunately, the meltwater contained in temperate glaciers challenges the detection of the
ice-bedrock interface with the radar technology, due to signal scattering. According to the literature, only from 12% to 69% of
GPR traces have been able to depict the ice-bedrock interface in Swiss glaciers, the percentage varying according to the glacier
and the GPR antenna. Besides, GPR data are acquired on straight lines and do not cover the entire glacier area with a fine
resolution. These problems affected previous GPR surveys of the Rutor Glacier (Aosta Valley, Southern Europe Alps), reporting
an irrealistic, too low, ice thickness. To obtain a more reliable interpretation of the GPR data, estimations from ice-thickness
modeling algorithms are employed to guide the analyst in the interpretation of scattered GPR data. Two new GPR datasets
of the Rutor Glacier are analyzed, helicopter-based and ground-based. We tested three open-source modeling algorithms that
estimate the ice thickness based on the surface topography: GlabTop2 (Glacier Bed Topography), GlaTE (Glacier Thickness
Estimation), and OGGM (Open Global Glacier Model). The ice thickness raster maps produced with these models are sampled
to extract ice thickness profiles coincident with the GPR measurements. The ice-bedrock interface of GPR profiles is then
manually picked, using the GPR signature (ice-bedrock reflection) where visible, based on the amplitude of the signal. Where
the signal is lost, e.g. due to high meltwater content, high ice thickness, or high bedrock slope, the picking is based on the
suggestions from the three mathematical models. In the end, a second run of the GlaTE model assembles the estimations from
the algorithm and the manually picked GPR measurements to provide a final ice-thickness map. The Rutor glacier, according

2 and store about 515 million m3 of ice in

to the methodology proposed, is estimated to cover an area of about 7.45 km
2021, compared to the previous estimate of 150 million m® made in 2008. The methodology is simple to reproduce and may
simplify and ease future GPR surveys of temperate glaciers, especially when facing noisy data due to meltwater content or
other reflectors such as debris. Another advantage is to directly produce an ice thickness map of the whole glacier, without
relying on pure interpolation of sparse GPR data. The prior run of such models is also advised during the planning of glacier
surveys, together with GPR forward modeling, to help choose the best GPR antenna frequency according to the expected ice

thickness.
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1 Introduction

Temperate valley glaciers are a characteristic feature of mountain chains in temperate zones, such as the European Alps, and
have a pivotal role in the hydrological cycle (Milner et al., 2017). Studying the glacier processes and changes linked to the
current climate crisis often requires a central task: a reliable estimate of their inner composition and geometry: bedrock topog-
raphy, crevasses, cavities, debris, and meltwater (Haeberli et al., 2019). Such temperate glaciers are characterized by containing
temperate (or “warm”) ice at the temperature-pressure melting point. Indeed, colder ice zones often exist in temperate glaciers,
but they are limited to specific areas or seasons, e.g. where the snow melts late in the warm season, or in the areas where the
ice is thin and provides little isolation to the geothermal heat during the cold season (Suter et al., 2001; Reinardy et al., 2019).
Widespread temperate conditions in a glacier mean that virtually every heat input, mainly by solar radiation from above or by
geothermal heat from below, causes the production of meltwater.

A high meltwater content in glaciers may challenge the quality of geophysical surveys performed by Ground Penetrating
Radar (GPR), one of the most used techniques for surveying ice masses (Colucci et al., 2015; Forte et al., 2015; Urbini et al.,
2019). Since meltwater has very different electrical permittivity compared to ice, it reflects and scatters the electromagnetic
wave, hindering the signal from traveling until the bedrock and being detected on its way back (Reinardy et al., 2019). Smaller-
scale heterogeneities generate weak or undetectable responses but their presence has an impact on the signals as they pass by.
The heterogeneities extract energy as the EM field passes and scatter it in all directions (Jol, 2009). This issue was widely
studied by (Rutishauser et al., 2016), who analyzed a large dataset of GPR data acquired on the Swiss glaciers and stated that,
according to each specific glacier, the bedrock interface could be detected only in 12-69% of the data. GPR signal scattering
rarely occurs in arctic cold glaciers, but when it is detected in some areas, it may be evidence that temperate conditions and
meltwater are the cause (Karuss et al., 2022). Another common source of noise in GPR sections is the presence of debris inside
or covering some glaciers (Colombero et al., 2019), due to phenomena such as adfreezing and entrainment of sediments into
the basal ice layer (Weertman, 1961). Also, air bubbles trapped in ice cause scattering of GPR signal, which analysis allows
distinguishing different types of ice, such as firn and superimposed ice (Langley et al., 2009). The scattering problem has
already been noticed in the study of the Rutor glacier, the third-largest glacier in Aosta Valley, Southern Europe Alps. The
details about the Rutor glacier and the GPR interpretation problems raised in previous studies are reported in the Study site
paragraph. Another issue of GPR surveys on glaciers is the resolution: since GPR antennas are carried on straight lines, often
separated by hundreds of meters, they only investigate discrete parts of the glacier. For example, if no GPR section passes on
the zone where the thickness is highest, one can not know which is the maximum glacier thickness. Resolution and speed of
investigation have always been a compromise.

In this paper, the Rutor glacier is investigated with two new GPR datasets, acquired in May 2012 with a helicopter-based
survey and in May 2022 with a ground-based survey. Analyzing these new datasets, it is clear the uncertainty and difficulty in
detecting the radar reflections of the ice-bedrock interface, due to the high scattering of the signal in most parts of the glacier,
probably caused by meltwater content. The scattering zone is often located at around 20 meters of depth, and may easily be

misinterpreted as the ice-bedrock interface, possibly explaining the previous doubtful estimates of ice thickness.
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To address this problem encountered on the Rutor glacier, but common to other temperate glaciers, ice-thickness modeling
algorithms may help the analyst in the interpretation of scattered GPR sections. Those algorithms require, as input, the glacier
surface topography, which can be retrieved for example by satellite imagery. Some algorithms have obtained much acknowl-
edgment in recent years, see for example the ITMIX project (Farinotti et al., 2017) in which many ice-thickness algorithms
are compared on the same set of glaciers. One of the conclusions of that research is that considering an average output from
different models provides a more reliable ice-thickness estimate than finely tuning just one model.

The ice-thickness modeling algorithms employed in this work are three different models, the open source GlabTop2 (Frey
et al., 2014), OGGM (Maussion et al., 2019) and GlaTE (Langhammer et al., 2019b). Thanks to a Digital Elevation Model
(DEM) by drone photogrammetry survey performed in 2021 (Macelloni et al., 2022), the ice thickness is predicted using the
three models. Topographic profiles corresponding to the GPR traces acquired in 2012 and 2022 are extracted. During the
manual picking phase of the GPR data interpretation, the results from the three models are superimposed in the figure to help
recognize the most probably correct ice-bedrock interface, often submerged by noise due to the meltwater content. Finally, a
second run of the GlaTE model constraints the estimate of the ice thickness using the ice-bedrock interface pickings of the
GPR data, providing a final model of the inner geometry of the glacier.

Overall, this methodology was confirmed to help avoid the erroneous picking of the first reflective interface, which could be
interpreted as the ice-bedrock interface, but is probably due to meltwater content. The detection of the Rutor glacier geometry
was eased and it should be more reliable compared to the previous estimate, even if the GPR data have a physical limit in
detecting the bedrock interface and this fact challenges any certainty about the Rutor glacier bedrock topography. Also, in the
areas where no GPR data is present, the ice thickness estimation is based on simplified physically-based equations, which can
be considered more reliable than pure interpolation between GPR sections. The geometry model of the Rutor glacier updated

at 2021 retrieved in this study may also be useful for ongoing studies about the hydrology and sediment transport of the area.

2 Study site

Located in the southwestern European Alps, the Rutor massif hosts the third-largest glacier in the Aosta Valley. The massif
develops on multiple terraces, on which the Rutor glacier has advanced or retreated according to the climate variations, shaping
the basin morphology (Vergnano et al., 2023). In the past, the Rutor basin was the theater of geomorphological events and
processes, often related to glacial lake outburst floods, well documented since the second half of the 19" century. After the
Little Ice Age (LIA), which corresponded to a local maximum of the extent of the glaciers, the ice masses started to melt and
shrink, drawing the attention of the scientific community. Consequently, many proglacial lakes have formed in place of previous
glacier overdeepenings. The first historical document which extensively reviewed the Rutor basin, and also collected all the
available previous literature, was written by Baretti (1880). Thanks to scientists of the 19" century and the beginning of the
20%" century, the Rutor basin was deeply investigated from different points of view (e.g. biology, engineering, geology) (Baretti,
1880; Favre, 1867; Sacco, 1917; Monti, 1906; Carrel, 1867; Preller, 1918). The study of the Rutor glacier has continued after

the literature of the beginning of 1900 and was driven by the interest of different disciplines and perspectives (Villa et al.,
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2007; Macelloni et al., 2022; Armando and Charrier, 1985; Burga, 1991; Orombelli, 2005; Villa et al., 2008; Strigaro et al.,
2016; Viani et al., 2016; Badino et al., 2018). Among others, the Glacier Lab research group from Politecnico di Torino is
currently studying the Rutor basin from a multiisciplinary perspective (Corte et al., 2024; Gizzi et al., 2022; Vergnano et al.,
2023) Nowadays, the Rutor glacier is 7.5 km? wide and it is situated in the municipality of La Thuile. It has retreated, since the
beginning of 1900, to an upper terrace, allowing the formation of new proglacial lakes near each of its three tongues (western,
central, and eastern). Its tongues are situated on the northern side of the glacier at about 2550 m a.s.l. (the eastern tongue) and
2650 m (the central and the western tongue). Its highest elevation is about 3440 m, near the southern outline.

In the recent decades, the glacier experienced a significant retreat, linked to the acceleration of climate warming. The ice
thickness lost from 2008 to 2021 was computed by the difference between two Digital Elevation Models (DEMs) and displayed
in Figure 1. Previous GPR surveys (1996-2006) reported an average thickness of the glacier of 17.5 m (a volume of 150 million
m? divided by an area of 8.5 km?) (Villa et al., 2008, 2007). However, probably this estimate could be far from the actual value,
because the changes in the glacier surface topography observed from 2008 to 2021 evidenced a loss of more than 20 vertical
meters of ice in about 1/4 of the current glacier area (especially in the tongue area, as in Figure 1) for a total ice volume loss of
about 100 million m3. Moreover, many examples of other alpine glaciers with a similar extension consistently show greater ice
thickness (Grab et al., 2021). The analysis performed by Viani et al. (2020) expresses similar considerations about the difficulty

of interpreting the correct bedrock geometry of the Rutor glacier.

3 Methods

The methodology tested in this paper to overcome the difficulties in interpreting the GPR data of the Rutor glacier consisted of
the following steps:

1. To collect and analyze new and updated GPR datasets from two acquisitions, a helicopter-based survey made in 2012

and a ground-based survey made in 2022. In Figure 2, the location of the GPR sections is drawn.

2. To run three algorithms (GlabTop2, GlaTE, OGGM), which, based on the surface topography, estimate the ice thickness.

This step is shown in Figure 4.

3. To extract the ice thickness estimated by the models in the same locations of the GPR paths, thanks to the v.sample tool

of QGIS, GRASS plugin (QGIS-Development-Team, 2024), using a bilinear interpolation method, as in Figure 5.

4. To perform the manual picking of the reflection events in the GPR data with the help of the estimations from the three

models, to limit the uncertainties in detecting the correct ice-bedrock interface.

5. To run for a second time the GlaTE algorithm, constraining the estimations based on the surface topography with the

GPR data.

6. To draw the final result: a map of the glacier ice thickness (Figure 6).
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Figure 1. The Rutor glacier divided in four areas, according to how many meters it has subsided in the past decade (from 2008 to 2021).
The black glacier outline is that of 2021. The colored glacier outline is taken from that of 2003, and this choice is visible in the light green
areas near the three tongues of the glacier, which obviously did not change in altitude from 2008 to 2021 (“tokyo” color scale, according to

(Crameri, 2021)).

Some topographical adjustments were needed in order to deal with GPR data from 2012 and 2022, the DEM of the glacier

125 surface from 2021 used for GlaTE and GlabTop2 algorithms, and the DEM of the glacier surface from 2000 used in the OGGM

algorithm. In other words, the GlaTE and GlabTop2 models depict the situation in 2021, OGGM in 2000, and GPR data in

2012. First, all data were reprojected into the same Coordinate Reference System (ED50, UTM 32 N), using the warp/reproject

tool of QGIS software. With the same tool, using a bilinear-based triangulation method, the DEMs were undersampled to 20-m

resolution, for computation time optimization and considered adequate to avoid artifacts generated by a too-fine resolution,

130 according to GlaTE algorithm authors [Melchior Grab and Hansruedi Maurer, personal communication]. The DEM used for
the OGGM algorithm, being 50-m resolution, was not undersampled.

To compare the three ice-thickness models generated by the three algorithms with the GPR sections of the 2012 survey, every
model had to be “converted” to 2012, that is, the ice lost from 2000 to 2012 (in the case of OGGM) and from 2012 to 2021 (in
case of GlaTE and GlabTop2), had to be considered in the comparison. For GlaTE and Glabtop2, since a good 2008 DEM of the

135 glacier surface was available from the regional cartography (https://mappe.regione.vda.it/pub/geonavitg/geodownload.asp?carta=DTM99,
last accessed: 13 October 2023), the ice lost from 2012 to 2021 was estimated by a simple linear interpolation between the
2008 glacier surface elevation and the 2021 glacier surface elevation, supposing that the glacier melting in those years was

constant on average. The ice lost from 2012 to 2021 was added to the GlaTE and GlabTop2 thicknesses, to allow comparing
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1.000 2.000 m

Figure 2. The GPR profiles of the Rutor glacier survey. Numbers from 6 to 10 and red dashed lines indicate the profiles of 2012, while blue
dashed lines indicate the 2022 survey.

them to the 2012 GPR sections. An analogous procedure was applied to correct the 2000 thickness model produced by OGGM,
to account for the ice lost from 2000 to 2012. For comparing the 2022 GPR profile to the models, no correction was performed
for GlaTE and GlabTop2 2021 models, since the ice lost from 2021 to 2022 is negligible for the kind of comparison performed.
After these corrections, the comparison between models and GPR could be done, as in Figure 5.

After the manual picking of the reflection events in the GPR data, the final GlaTE model, constrained by GPR data, was
built. To achieve this, the GPR pickings, based on the 2012 survey, were corrected to 2021, by subtracting the ice lost from
2012 to 2021 from the thickness.

3.1 Ground-penetrating radar (GPR)

Low-frequency antennas were employed to survey the thick ice layers of the Rutor glacier. In the 2012 helicopter-based dataset,
a GSSI single-frequency antenna with a central frequency of 70 MHz was employed. In the 2022 ground-based survey, a 40
MHz antenna, RIS ONE model with single-frequency antenna configuration, manufactured by IDS, was carried on ski by an
operator. For both surveys, a constant acquisition speed was not always possible, therefore, in the processing steps, it was
decided to display 1 trace per meter. The raw data were processed according to the following steps, using the commercial
ReflexW software (Sandmeier, 2012), then visualized and compared with the results of the algorithms using the RGPR open

source software (Huber and Hans, 2018).
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1. Application of a band pass butterworth filter - from 55 to 80 MHz, to eliminate low frequencies and high frequencies,

and a frequency spike around 90 MHz probably due to instrumental noise or helicopter interference.

2. Application of correct max. phase + move startime: a series of two processing steps suggested by Reflexw to perform an

automatic time-zero correction.

3. Application of a background removal filter (x-direction average-trace removal over the entire profiles), to eliminate

instrument noise constant in the x-direction.

4. Application of a make equidistant traces filter, to plot 1 trace per meter, especially important for the 2012 survey, since

the helicopter was not flying constantly at the same speed.

5. Application of a gain filter called Energy decay: a gain curve in y-(time-) direction applied on the complete profile
based on a mean amplitude decay curve, which is automatically determined (Sandmeier, 2012), to compensate the time-

direction attenuation and geometric spreading of the signal.

6. Conversion of the y-axis from time to depth, assuming a constant velocity of the electromagnetic signal in the ice of
0.167 m/ns (Bohleber et al., 2017).

7. Manual picking of the ice-bedrock interface with the guidance of model estimations.
The data were not migrated. Some attempts with simplified velocity models were tried, without any significant enhancement.

3.2 Ice thickness modeling algorithms

Despite being recent, the three ice-thickness modeling algorithms chosen, GlabTop2, GIaTE, and OGGM, have quickly gained
success among researchers. According to the Scopus database considering the publications until February 2023, at least 10
articles used GlaTE, more than 50 used GlabTop2, and about 200 employed OGGM. Those numbers can be explained by
the fact that OGGM is a framework of models that can be employed for wider objectives, and not only for the ice thickness
estimation, as GlaTE and GlabTop2. OGGM was first developed in 2016, GlabTop2 in 2014, and GIaTE is the most recent,
published in 2019.

All the algorithms used in this study require as input a digital elevation model (DEM) of the glacier surface, and they perform
algorithms based on theoretical considerations of ice flux mechanics. In this study, they were employed for two objectives. First,
to provide a first estimate of the ice thickness distribution of the Rutor glacier, in order to drive the detection of the interface
during the manual picking of the GPR sections. Second, the GlaTE model (introduced later in this paragraph) was employed
to provide a final estimation of the Rutor glacier ice thickness, based on both model estimations and GPR data constraints.

The modeling algorithms required also some input parameters to run. They were checked for consistency with the physical
problem object of study, but unless otherwise specified in the following, they were not changed from the default values, which
were used in the studies, on similar alpine glaciers, performed by the writers of the algorithms. In the following, a brief

explanation of the three algorithms is provided.
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3.2.1 GlabTop2

The GlabTop2 (Glacier bed Topography 2) model assesses the distribution of ice thickness in a glacier starting from a DEM file
and a mask file containing the outline of the glacier (Frey et al., 2014). It employs an algorithm first developed by (Linsbauer
et al., 2012), but slightly modified to avoid the computation of the glacier flow lines:

T

— 1
fp-g-sin(a) ey

hg

where hy is the mean ice thickness along the central glacier flow line, f is a shape factor, 7 the shear stress at the glacier base,
calculated with an empirical formula based on the elevation range of the glacier A H (equation 2), and expressed in kPa, p the

ice density (910 kg/m?) (Langhammer et al., 2019a), g is the gravity acceleration, and « is the surface topography slope.

7=0.5+159.81AH — 43.5AH? (2)

The first processing step employed by the algorithm is an initial approximation of ice thickness in some random cells of the
domain, based on the surface slope of a sufficiently large buffer zone around the cell. Then, the ice thickness of the remaining
cells is estimated with a simple inverse distance weighting algorithm. The two steps are repeated for n times and the results are
averaged.

Further details are provided in the appendix of Frey et al. (2014). The code is open source and runs in Python; at the time of

writing, the code is available at https://github.com/WilcoTerink/GlabTop2-py.
3.22 GIlaTE

GIaTE (Glacier Thickness Estimation) is also based on equation 1, but with a different estimation of the shear stress 7 and
a different implementation algorithm, according to the work of Clarke et al., 2013 (Clarke et al., 2013). In this work, it was
employed in two separate steps: first, to provide an initial estimate of the glacier thickness, together with the other two models,
and secondly, to calculate a final estimate of the ice thickness with GPR data constraining the model. In fact, the strength of
GIaTE is the integration between the estimation model (based on surface DEM and glacier outline like GlabTop2) and ground-
proof data such as GPR profiles. GIaTE performs an inversion procedure, constraining the ice thickness results such that they
match, with a certain degree of uncertainty, a series of GPR data, such that they follow some smoothness requirements, respect
the glacier perimeter, and the values at the border of the glacier are consistent with the average terrain slope outside the glacier.

The system of equations to be inverted can be summarized into the matrix in equation 3 :

MG Ahapr
Ao L X Vhciarke
AoBgy | hest = | A2Vhioundary 3)
A3Bg A3
i A S | i A |
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where hgpr is the ground proof GPR data, hoiarke 1s the ice thickness modeled according to Clarke’s algorithm, V hpoung

is the gradient of terrain slope at the outside boundary of the glacier. The operator G ensures the constraint with GPR data,

L with the ice thickness modeled according to Clarke’s algorithm, B, with the gradient of outside terrain slope, By with

the O thickness at the boundary, while S is a smoothing constraint. The A factors are weighting factors and are varied in an

215 iterative manner, in order to give maximum weight to the Clarke model and the smoothness constraint while fitting the GPR

data (Grab et al., 2021). The ice density was estimated at 910 kg/ m?3. The creep factor (or ice softness) A was estimated to be

about 2.4 - 10724 s~1Pa~3, neglecting its temperature dependence as if the glacier was at 0°C (Cuffey, 2002), since the Rutor

glacier shows temperate conditions (even if this could not be true for the entire glacier) (Cook et al., 2020). The exponent of

Glen’s flow law was fixed at 3, as considered the best approximation in the absence of data about the ice fabric (Glen and

220 Paren, 1975). Eventual debris presence, which can be added to the algorithm, was not taken into consideration, because from

the orthophotos, and by visual investigation, there is no evident thick debris cover in the ablation area of Rutor glacier. For
further details, see Langhammer et al. (2019b); Grab et al. (2021); Schwanghart and Scherler (2014).

The model is open source, it runs in MATLAB environment and at the time of writing it is available at https://gitlab.com/hmaurer/glate.
323 OGGM

225 The OGGM (Open Global Glacier Model) is an open-source collection of algorithms written in Python that provides different
insights about glaciers, for example, thickness, runoff meltwater, and future predictions based on climate variations. In this
work, only the OGGM bed topography inversion algorithm was employed, which is based on the work of (Farinotti et al.,
2009). The main flux equation OGGM is based on is equation 4

g=uS= (fth”—&—fsThn>S 4

230 where h is the ice thickness, g is the ice volume flux, u is the ice flow velocity, .S is the section, which in case of a simplified
parabolic section is = 2/3- h - width, n is the exponent according to Glen’s law (=3), 7 is the shear stress, f is proportional to
the ice softness A (fy = 2A4/n+2), fs is a sliding factor, neglected for simplicity in this run of the algorithm. The flux ¢ in a
section is also equal to the mass balance (mass input - output due to precipitations and melting) integrated over the area of the
glacier situated above the section considered, under the simple assumption of equilibrium, which is unfortunately not exactly
235 true, given the rapid changes in the volume of glaciers due to the climate crisis. During the inversion process, one parameter,
the ice softness A, is allowed to vary, in general about one order of magnitude, from the standard value of 2.4-10~24 s~ 'Pa =3,
Further details and the implementation in the OGGM framework are described in (Maussion et al., 2019) and the software

is freely available at https://www.oggm.org.
The model was run based on a DEM from 2000 (JPL, 2020), then the ice thickness result was corrected to 2021 by subtracting
240 the ice lost from 2000 to 2021 (based on DEM subtraction pixel by pixel). Even if this fact can surely introduce uncertainties,
it is also a challenging test of such algorithms, i. e. to see if their results can be reasonably compared even if they start from

different DEMs.
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4 Results

The graphs pictured in this section, which follow the steps of the proposed methodology are the following:

245 1. An example of a processed GPR section on the temperate Rutor Glacier showing the difficulties in its interpretation, due

to scattering and random noise (Figure 3).

2. The ice thickness maps produced by the three models (GlabTop2, GlaTE, and OGGM) without GPR data constrain
(Figure 4).

3. An example ice-thickness profile extracted from the previous models, matching the location of a GPR section, used as a
250 base to pick more easily the reflections of the ice-bedrock interface (Figure 5). The other GPR sections are shown in the

Appendix.

4. The final ice-thickness map produced by the GlaTE model constrained by the GPR data, which were analyzed as the

previous point (Figure 6).

The first result shown here is an example section of the heli-based 2012 dataset, section number 7 (Figure 3, location of the

255 section shown in Figure 6).

GPR profile 2012 - 7
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Figure 3. The GPR section number 7 of the heli-based 2012 dataset. The thickness scale was built assuming a constant velocity of the
electromagnetic signal in ice of 0.167 m/ns. The white area is compact firn or ice without water. The ice-bedrock interface is well visible

only on the right part of the image.

Looking at the central part of Figure 3, one could be tempted to interpret the area without reflections, pictured in white, as
ice, and the first black reflection zone as the bedrock. However, on the right side of the plot, the clearly submerging ice-bedrock
interface shows that the former is probably not the correct interpretation. Elsewhere, possible ice-bedrock interfaces may be

spotted and somewhat followed in the GPR section, but the interpretation is far from straightforward. This clutter phenomenon

10



260

265

270

https://doi.org/10.5194/egusphere-2024-2569
Preprint. Discussion started: 25 September 2024 G
© Author(s) 2024. CC BY 4.0 License. E U Sp here

has been previously reviewed by Rutishauser et al. (2016). This is not an ideal situation to draw a thickness map of the glacier,
and some other reasoning is needed to tackle, or at least estimate, the data uncertainty. It is argued that a similar interpretation
problem could have arisen in the 2008 dataset analyzed by (Villa et al., 2008), and this could explain the unexpectedly shallow
thickness calculated there.

In Figure 4 the three ice-thickness maps, respectively produced by GlabTop2, GlaTE, and OGGM models without GPR
constraints are shown.

The three raster maps in Figure 4, although produced with different models, show a very similar reconstruction of the glacier
geometry. The total ice mass estimated by the models, in millions m?3, is: OGGM = 510, GlaTE = 520, GlabTop2 = 580. Their
thickness value was bilinearly interpolated at the points corresponding to the GPR survey paths, to produce comparison plots
such as Figure 5. All the other GPR sections with the model estimations are shown in detail in the Appendix.

All the GPR sections from the 2012 and 2022 surveys were analyzed taking into consideration the estimations provided by
the three models. In such a way, a probably more correct picking of the ice-bedrock interface was performed. Lastly, all the
pickings were gathered in a dataset as input of the GlaTE model to produce the best estimate possible of the ice thickness

distribution of the Rutor Glacier in 2021, shown in Figure 6 (total ice mass = 515 million m?).
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Figure 4. Ice thickness maps of the Rutor glacier produced with GlaTE, GlabTop2, and OGGM models without any constrain by ground-

proof data, but only with topographic surface data as input (“oslo” color scale, according to (Crameri, 2021)).
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5 Discussion
5.1 Comparison of the three ice-thickness modeling algorithms

The three different algorithms, in their first run without GPR constraints, gave fairly similar estimates of ice thickness (in
millions m?, OGGM = 510; GlaTE = 520, GlabTop2 = 580). The resolution of GlaTE and GlabTop2 models was set at 20 m,
even if the input data could allow a much finer resolution. This strategy was employed because a finer resolution might lead
to misleading structures in the resulting bedrock topography (Melchior Grab, personal communication) and for following a
principle of simplicity (Sober, 2015). The OGGM model was tested with a different input DEM, from 2000 (JPL, 2020), with
50 m resolution, and then the estimated ice thickness was then corrected with the ice-thickness loss between 2000 and 2021,
by subtracting the two DEMs. The OGGM estimations were qualitatively similar to those of GlaTE and GlabTop2, except in
some minor parts, notwithstanding their differences in the algorithms employed and in the input data. The consistency between
different algorithms shows their overall reliability. This observation is consistent with a previous review (Farinotti et al., 2017),
which stated that algorithms based on surface topography can provide fairly accurate estimations of ice thickness. They can
provide gross estimates of ice volume or future position of lakes in place of glacier overdeepenings (Viani et al., 2016), with
a lower effort in terms of input data and computational time compared to a GPR survey. However, the performance of the

algorithms was poor near the outline of the glacier: here, the thickness was generally overestimated.
5.2 Joint interpretation of GPR and ice-thickness algorithms

GPR and ice-thickness algorithms were interpreted together in all the GPR sections of the Rutor glacier, which were both
helicopter- and ground-based. The various GPR sections had a different degree of readability. In some of them, the ice-bedrock
interface could be followed relatively easily, such as for section 2012 - 8 (Figure A3). In that case, the three algorithms (GlaTE,
GlabTop2, OGGM) were generally consistent with the ice-bedrock interface depicted by the GPR reflections, demonstrating the
overall good quality of the retrieved ice-thickness models, already proven by Farinotti et al. (2017). In most other sections the
bedrock was rapidly lost below about 50 m of depth. In general, the signal suffered from scattering, due to the many reflection
events distributed throughout the glacier, except some areas near the outline. This phenomenon made the interpretation of these
sections challenging. In this sense, the ice-thickness modeling algorithms were fundamental to retrieve the bedrock topography
where it could not be detected by the GPR and to avoid misinterpretations; more confidence was given where the models were
strictly consistent with each other. No particular improvement was seen when using a ground-based 40 MHz GPR antenna
compared to the heli-based 70 MHz antenna. Specific comments on the interpretation of each GPR section are available in the
Appendix section.

This joint interpretation avoided the mistake of interpreting the first layer without reflections (white in the GPR sections)
as ice, and the first reflective zone (scattered black) as bedrock. The deepening reflection in the right part of Figure 3 shows
clearly that the ice-bedrock interface is not related to the scattered reflective zone seen in all the GPR sections at 20-40 m

depth. Therefore, manually picking the ice-bedrock interface on GPR sections only after seeing what was the estimate from
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the algorithms was very helpful in this context. In particular, the algorithms were useful below about 50 m depth, where the
GPR signal was too attenuated.

The ice thickness estimated with the second run of the GlaTE model constrained by GPR data is about 515 million m?,
which is not far from the estimates without GPR data. This result may be overall affected by the fact that the picking of the
GPR sections was indeed guided by the model estimations, but since GPR and models were fairly consistent to each other in the
most clear sections (such as 2012 - 8, Figure A3), this is not considered a significant bias. This estimate is more than three times
larger than that previously calculated (150 million m3, (Villa et al., 2008)). This is considered to be a better estimate compared

to the previous one, due to the matching between GPR and ice-thickness models, and the good reputability of ice-thickness

models of such kind, as proven in the ITMIX project (Farinotti et al., 2017).
5.3 Advantages and limitations of the methodology

Without the help of ice-thickness models, only about 20% of the GPR lines clearly identified the bedrock (3.3 km out of 17
km). This is a low value, but comparable to the complete review on this issue performed by Rutishauser et al. (2016), which
observed that, depending on the glacier, only from 12 to 69 % of the bedrock could be identified. This review was performed
on Swiss glaciers, which have climatic conditions similar to the Rutor glacier. Moreover, better results were achieved only in
alpine glaciers where cold conditions are more widespread. Therefore, this methodology could represent a tool to increase the
"pickable" regions of scattered GPR sections. The zones more difficult to interpret are, according to (Rutishauser et al., 2016):
where the ice is thickest, where the bedrock slope is highest, and where there is meltwater. In the dataset analyzed here, the
higher ice thickness is recognized to be a cause of lower clearness of GPR sections, and meltwater content is highly probable,
given the scattered GPR sections and the relatively warm climate in which the Rutor glacier is situated.

The integration of the two methods seems the most viable option to provide a more reliable estimate of ice thickness than
one method alone, especially in the absence of costly boreholes intercepting the bedrock at depth. This is a great achievement,
because those algorithms are open-source and require low effort to use, and their reliability and comparability with GPR data
has been observed in this and previous research. They also can complement the design of a GPR survey to select the best
antenna frequency, based on the expected ice depth, alongside forward modeling to produce synthetic data.

However, many drawbacks have to be considered. First, the difficulties in interpreting the GPR data, which represent the
most significant source of possible errors and subjectivity; then, inaccuracies in the estimates provided by the different models,
which are a simplification of the real system, and rely on estimates of many parameters; also, possible errors in the glacier
perimeter, which is an important input of the algorithms, due to the manual observation of the aerial orthophoto (Santin et al.,
2023). Moreover, the fact that the topographic surveys to obtain the DEMs had different resolutions and happened at different
years, and the GPR surveys also were carried out during other years, required a time interpolation of the ice thickness, to take
into account the progressive melting of ice, which introduced another deviation from the real value of ice thickness. However,
the algorithms produced reasonably comparable models even from starting from different DEMs, therefore this can be seen
as a point of strength of the methodology. The combination of multiple methods was then key to giving more reliability to

the proposed methodology and miimizing the error effects; however, after an overall consideration of every possible source of

16



340

345

350

355

360

365

370

https://doi.org/10.5194/egusphere-2024-2569
Preprint. Discussion started: 25 September 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

error, a deviation of at least + - 100 million m? of ice should be considered, which corresponds to an average ice thickness of

about + - 13 meters.
5.4 Future applications and perspectives

The GPR alone, while not performing always well on temperate glaciers, remains a very good instrument to investigate ice
masses, even in temperate conditions. Aside the bedrock geometry detection, two examples of applications of GPR on glaciers
that could increase in importance due to climate warming are the investigation of cavities and the distinction between cold and
warm ice zones inside a glacier. The latter, according to Reinardy et al. (2019) and Comiti et al. (2019), plays an important
role in regulating the sediment transport at the glacier base, and can be retrieved from the distribution of reflections (due to
meltwater) in the GPR sections: it could be explored in the future also on the Rutor glacier itself, potentially reusing the dataset
analyzed here.

This dataset is openly released and available for further studies. It can be used for comparisons or regional assessments of
the meltwater content in temperate Alpine glaciers. It will also be helpful for ongoing studies on the water mass balance and
sediment transport of the Rutor basin. Since the Rutor basin hosts many proglacial lakes, the map reveals the possible position
of future lakes, in place of the overdeepenings of the bedrock topography (Figure 6). Their location is consistent with what was
estimated by a previous work (Viani et al., 2020). The shrinking of Rutor glacier is speculated to occur mostly in the following
decades, given its volume of 515 million m? and its loss of 100 million m?® from just 2008 to 2021. After a few decades, little
ice is expected to be still contained in the Rutor glacier.

To summarize, if one has the possibility to carry out a geophysical survey, the ice-thickness modeling algorithms in com-
bination with the GPR are the most effort-effective way to represent, with a certain degree of uncertainty, a glacier bedrock
geometry. This is in line with the philosophy behind the GlaTE algorithm, built to constrain a topographical-data-based algo-
rithm with “ground-proof” GPR data.

6 Conclusions

Investigating glacier substructures with GPR may be challenging in temperate glaciers, where the widespread water content
and debris cause signal scattering, making it difficult to distinguish the ice-bedrock interface. The Rutor glacier had already
been surveyed with GPR in the past but, due to these interpretation difficulties, was estimated to have a very small ice thickness,
of about 17.5 m. This estimation proved to be wrong after observing that, in the 2010-2020 decade, the Rutor glacier lost more
than 20 vertical meters in 1/4 of its area, while reducing its extension only by a fraction.

The analysis of two new GPR datasets from 2012 (helicopter-based) and 2022 (ground-based) confirmed the difficulty in re-
liably detecting the ice-bedrock interface. Therefore, the open-source GlabTop2, GlaTE, and OGGM ice-modeling algorithms
were tested, to understand how they could support the interpretation of difficult datasets acquired on temperate glaciers. First,
those algorithms were run with only the glacier surface topography as input. Then, their estimated thickness was overlapped

to the GPR sections, providing a substantial help in manually picking the ice-bedrock interface. In particular, this methodol-
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ogy avoided misinterpreting meltwater-rich areas as the ice-bedrock interface. Finally, a second run of the GIaTE algorithm
produced an ice-thickness model of the Rutor glacier constrained by GPR data.

A prior run of two or three ice-thickness modeling algorithms, such as the ones tested in this study, is advised before
analyzing GPR data on a glacier. Moreover, they can help to design the survey together with GPR forward modeling: for
example, one can choose a lower frequency antenna if some thick ice areas are expected. The ice-thickness map produced and

the dataset presented can also be reused for future local studies on the Rutor basin.

Code and data availability. The ice thickness map of the Rutor glacier in 2021 produced in this work is available in the supplementary
materials.

The 2012 GPR dataset is available on a Zenodo repository at: https://doi.org/10.5281/zenodo.8027417

The 2021 DEM used for the GlaTE and GlabTop2 algorithms, together with the ortophoto used to draw the glacier outline, is available on a
Zenodo repository at: https://doi.org/10.5281/zenodo.7713299

The 2000 DEM used for the OGGM algorithm is available at: https://doi.org/10.5067/ MEASURES/NASADEM/NASADEM_HGT.001
The three ice-thickness modeling algorithms are available respectively at:

OGGM: https://oggm.org/

GlaTE: https://gitlab.com/hmaurer/glate

GlabTop2: https://glabtop2-py.readthedocs.io/en/latest/index.html
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Appendix A: Appendix - GPR Sections

This appendix is devoted to all the GPR sections analyzed in this work, to show the interested reader what the data looked like,
which were the difficulties, and in which cases the three models’ predictions were useful in avoiding clear misinterpretations.
In any case, the interpretation subjectivity is high, and analyzing the openly available GPR dataset with specialistic software
is advised. The first 5 figures represent the 5 GPR sections of the 2012 heli-based survey; the last figure is the merging of all
(subsequent) sections of the 2022 ground-based survey. See Figure 6 for the location of the GPR sections. The three models

are pictured in with different lines.
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GPR profile 2012 - 6

o
<]

N
o
=]

N
5]
=]

Estimated ice thickness (m)

)
°
S

0 400 800 1200 1600
Distance (m)

N
4]
=]

E o4

(2]

w

2 50

3 Model
=

; -100 — GlabTop2
3 - GlaTE
g -- OGGM
©

S

k7]

L

)
o
S

Estimated ice thickness (m)

Distance (m)

Figure A1. GPR section 2012 - 6. This section is situated at the top of the glacier, and in its central part (500-1000 m of Distance coordinate)
the three models estimate an overdeepening of over 150 m. The GPR reflections are reasonably clear until 50-70 m of depth. In the right part
of the picture, the models follow closely the GPR reflections; however, they are quite imprecise just near the outline, where they do not draw
correctly the bedrock shape where the ice is very thin. Based on the estimates of the models, the analyst did not pick the sparse reflections at
25-30 m depth as an ice-bedrock interface but acknowledged that, in the right part, the deepening reflections continue to go deeper leftward

until around the center of the image.
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Figure A2. GPR section 2012 - 7. This section was already shown and discussed in Figure 5, but it is possible to add a consideration on
the steep overdeepening “seen” by the GlabTop2 model. The creation of deep overdeepenings was recognized to be an artifact of such
models, especially when using a too-fine input DEM [Maurer and Grab, personal communication]. Also, the other models estimate a high

ice thickness at that point, but they seem more realistic. Unfortunately, the GPR was of little help in that region.
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GPR profile 2012 - 8
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Figure A3. GPR section 2012 - 8. This GPR section was probably the most clear of the dataset. The ice-bedrock reflector can be followed in
almost all the images to great depths, although the clarity is far from ideal. This section can be considered proof that the models are capable
of doing reasonable estimates of the ice thickness in Rutor glacier, especially the GlabTop2 and the GlaTE, while OGGM performed poorly
in the left part of the image. In the left part of the image, which corresponds to the Eastern tongue, the models go to 0 because they were cut

with the 2021 outline. From 2012 to 2021, the glacier experienced a notable retreat. in the Eastern tongue.
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Figure A4. GPR section 2012 - 9. This GPR section was probably the least clear. Its path runs along the elongated overdeepening of the top

of the glacier (Figure 6). In the left part of the picture, the reflections deepen very fast, and this is reproduced also by the models, but after

that, it was impossible to retrieve any other reflections attributable to the ice-bedrock interface. The role of the models, in this case, was very

important, to avoid thinking that the darker reflections seen in the center-right part of the image at 30-50 m depth are the bedrock interface,

while probably it is due to the higher meltwater content, or debris (Forte et al., 2021).
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GPR profile 2012 - 10
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Figure AS. GPR section 2012 - 10. This GPR section was generally clear in the right part of the image and also showed consistency between
GPR and models. All the profile has an interface around 30-40 m interpreted as meltwater or debris (Forte et al., 2021). The left part of the
picture was more problematic, because the GPR, although not clear, seems to suggest a deeper bedrock interface than the models. Probably,
this is due to a very problematic location of this survey line, possibly running along a very high-sloping bedrock (Figure 6). Such high-slope
bedrock areas are known to disrupt GPR measurements and they could be common near the overdeepenings of Rutor glacier since they are

also evidenced in many locations in the proglacial zone (which was formerly occupied by ice during the glaciations).
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GPR profile 2022
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Figure A6. GPR section 2022. This GPR section was acquired with an antenna (40 MHz) different from that used for the previous sections
shown. It also was ground-based and not helicopter-based. Notwithstanding the lower frequency and being ground-based, the GPR reflections
were not particularly clearer, showing a physical limit of the technology in the presence of widespread meltwater inside ice or debris (Forte
et al., 2021). The models did not perform well near the outline, as observed quite everywhere. However, probably they offer a reasonable
estimate of the bedrock interface in all the left-central part of the image. The right part seems more problematic because the GPR signal is
completely lost, however, its greater depth is supported by the GPR signal texture: compare e.g. the image at 100 m depth at Distance = 1000
m and = 2500 m. At distance = 2500 m, the image shows a granular texture similar to where there is ice and meltwater, while at Distance =

1000 m the texture is transparent. Similar considerations were used to interpret the GPR sections by (Forte et al., 2021).
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